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Abstract The use of phase change materials (PCMs) in

thermal storage is not a new concept, but engineers are

continually finding new ways to utilize them in a wide

range of applications. A PCM takes advantage of high

latent heat in the phase change process to store large

amounts of heat while undergoing only a small change in

temperature. This property makes PCMs suitable for ther-

mal storage purposes in a wide range of engineering

applications. Due to the nature of these applications, it is

vital to have a precise knowledge of the thermal charac-

teristics of any PCM. Unfortunately, due to the low thermal

conductivities and high latent heats found in PCMs, current

measuring tools such as differential scanning calorimetry,

provide inconsistent results. This paper conjectures that

these errors come from the effects of low thermal diffu-

sivity samples as well as improper data analysis methods.

Keywords DSC � Differential scanning calorimetry �
PCM � Phase change material � Gradient � Latent heat

Introduction

The term ‘‘Phase Change Material’’ is applicable to any

material; however, in this case, it refers to materials that are

able to absorb large amounts of heat during the phase change

process. The phase change process in this context is most

commonly melting/solidification. The ability to store large

amounts of heat in a small temperature range is advanta-

geous for applications where heat is produced and temper-

ature stability is desired. One example is PCM impregnated

wallboard. PCM impregnated wallboard can store and

release heat at the desired room temperature, keeping the

temperature stable and reducing heating and cooling costs

[1]. Commonly used PCMs are paraffins, salt hydrates, and

fatty acids [2]. This work focuses on paraffin PCMs due to

their widespread availability and absence of major super-

cooling phenomena which can be found in salt hydrates [3].

Future works may attempt to address salt hydrates.

In order to maximize the benefit of PCMs, it is necessary

to know their precise melting/freezing temperature range,

latent heat, and specific heat. Currently, these values are

measured using a variety of thermal instruments, the most

popular being differential scanning calorimetry (DSC). This

paper focuses more specifically on the heat flux type DSC.

As the name implies, DSC is a differential method that

compares the temperature responses of two materials to a

programmed heat treatment. The basic layout of the DSC

can be described as a small cylindrical oven with the heat

being provided from the furnace wall through a known heat

resistance to the sample and reference. The key components

of the interior can be seen in Fig. 1. Cut out from the con-

stantan plate are two circular platforms approximately 6 mm

in diameter. The sample, which is usually about 5 mm in

diameter and 0.5 mm thick, is encased in a circular alumi-

num pan and placed on top of one platform. The sample mass

can vary from 1 to 40 mg. An empty aluminum pan is placed

on the other platform and serves as the reference. Thermo-

couples are located under the center of each platform.

The most common heat program is to increase the

heating plate temperature at a constant rate. The properties
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of the reference material are known, thus the difference

between responses of the reference and the sample can be

used to determine the sample’s properties. The DSC pro-

cess works well for materials of high thermal diffusivity,

however, test results are inconsistent for PCMs due to their

low thermal conductivities and high latent heats. The

results have shown that the calculated effective specific

heat capacity and melting range of a PCM, based on the

DSC temperature data, are very sensitive to heating rate

and sample mass; however, the sensitivity of the latent heat

is still debatable. The effective specific heat capacity is

different than the sensible specific heat capacity because it

includes the phase change effects. Integrating the area

between the effective specific heat capacity and baseline

specific heat capacity in the melting range results in the

latent heat. Figure 2 shows the results from a DSC test

done on a PCM according to tests done by ZAE Bayern

reported in a white paper entitled ‘‘Determination of the

Heat Storage Capacity of PCM and PCM-Objects as a

Function of Temperature’’. Ideally, the curves would be

identical for different heating rates and sample masses.

It seems that an easy solution to the problem is to just

use low heating rates; however, as the heating rate

decreases, the signal becomes noisier and the tests take

longer to conduct. Furthermore, the high heating rate data

can be useful for application in real world situations, such

as lithium ion battery cooling, where the PCM is subjected

to high heating rates. The effective specific heat capacity

can be viewed as a function of heating rate and temperature

as opposed to just temperature. This concept is supported

by Castellon et al. [4] in an analysis of using a heat flux

DSC to determine the enthalpy of paraffin wax.

This problem has been discussed by Greco and Maf-

fezzoli [5]. They argue that the effective specific heat

capacity and melting temperature range are functions of the

heating rate, but that the DSC machine measures the cor-

rect latent heat at any heating rate. Other authors have

come to similar conclusions that samples with high thermal

diffusivity will cause inaccurate melting range and specific

heat measurements in the DSC process, but do little to

address the latent heat issue [6–8]. Some of the errors in

DSC can be corrected through modifications to the hard-

ware, but it does not appear that there are any modifications

that can completely account for the temperature gradient

[10]. Abdulkarim and Ghazali [11] found experimentally

that fast scan rates do lead to depressed latent heat values.

Elsaesser et al. [12] found that high heating rates can lead

to thermal lag, but for their experimental sample, the lag

was negligible at a 10 K/min scan rate.

Method

In order to properly understand what is happening within a

DSC sample, it is necessary to build a model that replicates

the current process. The model used for this work focuses

on the heating cycle of the DSC process, but the results are

applicable for the cooling process as long as the material

does not experience supercooling. From the heat flux type

DSC geometry, it is known that the sample radius is much

larger than the thickness. Due to this condition, any heat

flux in the radial direction will be insignificant when

compared to heat flux in the axial direction, thus a 1D axial

cylindrical conduction model is a suitable base.

oT

ot
¼ a

o2T

oz2
ð1Þ

Due to the fact that the aluminum pan contacts the

cylindrically shaped sample at the top and the bottom ends

of the sample and the thermal diffusivity of aluminum is 4

orders of magnitude higher than that of the PCM, it can be

assumed that the entire aluminum pan is at a constant

temperature. This condition means that the heat flux at the

top and bottom of the sample will be identical and

symmetry can be utilized to simplify the computation. This

assumption is agreed upon by Greco and Maffezzoli [5].

The model sample is cut in half and a heat flux is applied at

Constantan disc

Aluminium
Pan

Fig. 1 DSC interior
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Fig. 2 Results for the heat capacity of a PCM determined using a

DSC in dynamic mode with varying heating rates and sample mass
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one end while an adiabatic boundary is applied at the other,

which was formerly the center of the sample.

�k
oT

oz
¼ q00 at z ¼ 0 ð2Þ

Where z = 0 is the interface between the heating plate and

the sample.

oT

oz
¼ 0 at z ¼ L

2
ð3Þ

Where L is the thickness of the sample.

The sample and reference are supplied with specific heat

capacity, thermal conductivity, and density values. A

desired temperature rise rate is input and the heat flux is

calculated based on temperature differences between the

sample, reference, and heating plate. From the geometry

previously described, the following schematic represents

the heat flow (Fig. 3).

The general equation for the heat flux between two

bodies at temperatures TA and TB is:

q00AB ¼
TA � TB

R
ð4Þ

where R is the thermal resistance between the two points.

For the DSC setup, this equation becomes:

q00S ¼ q00R þ
TR � TS

R
ð5Þ

where q00R is the heat flux entering the reference sample, TR

and TS are the surface temperatures of the reference and the

sample, respectively. No specific data was found regarding

the thermal resistance between the platform and base plate,

so the value was approximated based on DSC geometry

and materials. Using the lumped capacitance method, the

resistance is estimated to be 105 K/W. Eqs. 1–4 were

discretized using one dimensional implicit finite difference

method and solved in matrix form.

At this point, the model can calculate the heat input and

temperature at any location in the sample. From this

information, the simulated effective specific heat capacity

of the sample, cS, can be calculated as a function of

temperature.

cS ¼
qSDt

mDTS

ð6Þ

The deviation of this simulated effective cS from the

effective cp that was input by the user as a material

property is affected by heating rate and mass. The effective

cp input by the user is a sixth order polynomial over the

temperature range from 50 to 63.3 �C, starting at 6.05 J/gK

and ending at 5 J/gK with a peak of 32.16 J/gK. The

polynomial cp curve, which closely resembles the 0.5 K/

min curve in Fig. 5, is an effective way to simulate the

latent heat of melting. Integrating the cp curve gives the

heat absorbed during melting of the PCM. Figure 4 is an

example heat flow versus time curve from the Shimadzu

DSC manual. The baseline heat flow curve, AC, represents

what the heat flow value would be if there was no melting.

The integrated area between curves AC and ABDC

provides information for calculating the latent heat. How

line AC is determined is vital to the results and is seldom

straightforward when real DSC data for PCM is analyzed.

The difference in the definition of this line is the source of

the difference between the results produced in this work

versus those previously published.

Also important from Fig. 4 is the melting range, which

starts at point P. This point is established by drawing a line

tangent to where the cp plot reaches a constant slope, point

B, and determining where the line intersects segment AC,

points P. As can be seen, this process is not very precise

and leaves much open to the visual interpretation of the

user; however, the main source of error in the melting

range measurement is due to the thermal gradients within

the sample that will be discussed shortly.

Results

The model was used to determine the changes in the

measured effective cp curve and measured latent heat val-

ues as a function of sample size and heating rate. Figure 5

shows the results of simulations for a 24 mg sample at

heating rates varying from 0.5 to 10 K/min.

It is clearly seen that the simulated effective specific

heat capacity of the sample and the melting range are very

sensitive to the heating rate; a problem which is exacer-

bated as the sample size increases. Table 1 shows the

Ts TR

TH

R R

Fig. 3 Thermal circuit

Onset
melting
point

D’

C’

B’

A P

DB

c
Endset
melting
point

Melting
Enthalpy
(ΔH)

Fig. 4 DSC melting curve
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melting range data derived from Fig. 5 by the methods

previously described. The ideal melting range for the PCM

polynomial curve used in the model is 50–63.1 �C.

As stated before, the latent heat is the integration of the

cp versus temperature graph. The results are subject to

where the DSC user defines the limits of the range, but

more importantly, how the baseline AC is determined [9].

In Fig. 6, the two baseline options are drawn. The black

baseline is the one that the user creates in the experimental

DSC process by connecting points A and C. The red line is

the actual baseline of the material, which for the model was

determined from the input effective cp curve for the PCM

modeled. The DSC technician would have no way of

knowing the latter baseline. However, previous simulation

work done on the DSC process has neglected the distinc-

tion between these two baselines. The researchers have

used the input effective cp baseline, rather than the DSC

user defined one, causing the results to show that the

measured latent heat is not a function of heating rate.

The curves from Fig. 5 were integrated over the visually

determined range using the two different baseline defini-

tions to calculate the latent heat. The results are shown in

Table 2. ‘‘Method 1’’ is using the actual DSC baseline that

the DSC user would create. ‘‘Method 2’’ is using the

baseline that is true for the material, but unknown to the

DSC user, which modelers have used. The theoretical

latent heat of the simulated PCM is 174.67 J/g.

Using the DSC determined baseline, the latent heat

decreases as the heating rate increases, whereas if the

theoretical baseline is used, the latent heat remains fairly

constant. This difference is caused by the increasing area

between the two baselines as the heating rate increases.

Since the effect of sample mass is also of interest, the

simulations were also run for multiple masses. Table 3

displays the latent heat values at the different heating rates

and sample masses.

Figure 7 is the plot of the data from Table 3 and illus-

trates how latent heat is a function of heating rate and

sample mass.

It can be seen from the previous data that the thermal

diffusivity and heating rate do indeed influence the mea-

sured effective specific heat values, latent heat, and melting

range. Further data can provide some insight into why this

occurs. Figure 8 is a surface mesh plot of temperature data as

a function of location in the sample and surface temperature.

The temperature data is the differential temperature between

the sample surface temperature and the temperature at a

given z-axial location, where position 0 is the surface and

position 0.5 is the center of the sample. As the sample begins
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Fig. 5 cp versus temperature (24 mg)

Table 1 Melting temperature range

Rate/K min-1 Tonset/�C Tendset/�C

0.5 50 63.2

1 50 63.5

5 50 65

10 50 67.2
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Fig. 6 Effect of baseline

Table 2 Latent heat as function of baseline

Heating rate/K min-1 Method 1 Method 2

0.5 173.7 173.8

1 173.1 173.8

5 168.6 174.2

10 164.1 174.6
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to melt, the temperature difference between the center and

surface of the sample increases quickly.

Analysis

From the data collected in the simulation, it is clear that

DSC provides inaccurate results for even moderate heating

rates of a material with low thermal diffusivity. If the DSC

process is to be used in the future, the inaccuracies must be

known and accounted for.

Considering the factors that influence the results, it

appears that the internal thermal gradient in the sample is

the source of error for the effective specific heat capacity

and melting range measurements. The surface heat flux

causes a temperature gradient within the sample; the tem-

perature at the center of the sample will always be some-

what lower than the surface temperature during heating.

The temperature difference itself is of concern for deter-

mining the proper melting point, but the rate at which the

temperature difference changes is of primary importance

for cp calculations. The DSC measures how much heat is

being absorbed by the sample. To calculate the effective cp,

it assumes that this heat is uniformly heating the entire

mass. Instead, during melting, the mass closest to the

thermocouple is absorbing a disproportionate amount of

this heat, causing the measured temperature increase pro-

duced by a certain amount of heat to be inaccurately high.

An inaccurately high change in temperature reading leads

to an inaccurately low measured effective cp value. Once

melting is over, the temperature gradient still exists, cre-

ating an inaccurately high measured effective cp value until

the gradient is sufficiently small. As the sample size and

heating rate increase, the scale of the internal temperature

gradient increases, causing even lower cp values during

melting. Figure 9 provides an illustration of these concepts.

It shows the results from a trial at a higher heating rate and

mass than Fig. 8, so the value of Ts - Tc is higher. The ‘‘cp

surface’’ and ‘‘cp center’’ curves show the input value of

the effective specific heat capacity at those locations,

which are functions of the temperature at those locations,

when the surface temperature is at the value given on the

lateral axis. The ‘‘average cp’’ is the arithmetic average of

these two curves, and represents the bulk effective cp if

there was no temperature gradient. The ‘‘Ts - Tc’’ curve is

the surface temperature minus the center temperature.

Table 3 Simulated latent heat/J g-1

Heating rate/K min-1 11 mg 24 mg

0.5 174.0 173.7

1 173.9 173.1

5 172.1 168.6

10 170.2 164.1
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Judging from Fig. 9, it appears that the measured

effective specific heat capacity is strongly influenced by the

average effective heat capacity of the bulk, but is also a

function of the temperature gradient within the mass.

Figure 10 is the same plot for the same test conditions as

Fig. 9, but the thermal conductivity has been changed from

0.21 to 200 W/mK. Due to the high conductivity, it is

impossible to see any separation between the cp curves.

The black lines and the blue line are essentially the same.

The differences in the graphs illustrate the influence of the

thermal conductivity on DSC results. Note that the maxi-

mum temperature difference between the surface and the

center of the sample goes from 4 to 0.0008 K.

In the work reported on here, the model was constructed

to use a given effective cp curve, which is accepted to be

the accurate value, to model the results of the DSC process.

If the process is reversed, the model can be used to correct

the DSC data. If the DSC experimental data and the sample

properties (aside from effective cp) are input, the true

effective cp curve can be calculated through a curve

matching optimization process. The model will find a best

fit polynomial to describe what effective specific heat curve

would result in the measured DSC data under the given

experimental conditions.

Conclusions

The results of the study show that the DSC process can

provide inaccurate data for materials of low thermal

diffusivity. The paper proposes that the errors are due to

undesired thermal gradients within the sample that result in

misrepresentative data. If the process it to continue to be

used, these errors must be corrected. Since it is complicated

to interfere with the hardware or process of DSC, the

corrections must be made directly to the data afterwards. It

is proposed that the data be inserted into a model that

closely resembles the DSC process and the model will

determine the true effective specific heat capacity and

latent heat of the sample by matching the model simulation

results to the actual DSC results.
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